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Summary
The spectrum of single-base-pair substitutions logged in
The Human Gene Mutation Database (HGMD), com-
prising 7,271 different lesions in the coding regions of
547 different human genes, was analyzed for nearest-
neighbor effects on relative mutation rates. Owing to its
retrospective nature, HGMD allows mutation rates to
be estimated only in relative terms. Therefore, a novel
methodology was devised in order to obtain these esti-
mates in iterative fashion, correcting, at the same time,
for the confounding effects of differential codon usage
and for the fact that different types of amino acid re-
placement come to clinical attention with different prob-
abilities. Over and above the hypermutability of CpG
dinucleotides, reflected in transition rates five times the
base mutation rate, only a subtle and locally confined
influence of the surrounding DNA sequence on relative
single-base-pair substitution rates was observed, which
extended no farther than 2 bp from the substitution site.
A disparity between the two DNA strands was evidenced
by the fact that, when substitution rates were estimated
conditional on the 5′ and 3′ flanking nucleotides, a sig-
nificant rate difference emerged for 10 of 96 possible
pairs of complementary substitutional events. Muta-
tional bias, favoring substitutions toward flanking bases,
a phenomenon reminiscent of misalignment mutagene-
sis, was apparent and exhibited both directionality and
reading-frame sensitivity. No specific preponderance of
repeat-sequence motifs was observed in the vicinity of
nucleotide substitutions, but a moderate correlation be-
tween the relative mutability and thermodynamic sta-
bility of DNA triplets emerged, suggesting either inef-
ficient DNA replication in regions of high stability or
the transient stabilization of misaligned intermediates.
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Introduction
The majority of germ-line mutations in human genes are
thought to result from error-prone endogenous processes
involving either chemical (e.g., methylation-mediatedde-
amination of 5-methylcytosine in CpG dinucleotides),
physical (e.g., DNA slippage), or enzymatic (e.g., post-
replicative mismatch repair and exonucleolytic proof-
reading) mechanisms (Cooper and Krawczak 1993).
Since the efficiency of these processes is DNA-sequence
dependent, it is not surprising that both the spectrum
and spatial distribution of mutations exhibit biases that
reflect the influence of the local DNA-sequence environ-
ment on germ-line mutability. A large proportion of mi-
crodeletions and microinsertions in human DNA thus
appear to occur as the consequence of replication slip-
page mediated by the presence of direct or inverted (pal-
indromic) repeats in the immediate vicinity (Cooper and
Krawczak 1993).
For single-base-pair substitutions, which constitute
the majority of known lesions causing human genetic
disease, the influence of the local DNA-sequence envi-
ronment on mutation rates is less clear. Apart from the
well-established hypermutability of CpG dinucleotides
that undergo germ-line transition to TG and CA at fre-
quencies six to seven times the base mutation rate (Coo-
per et al. 1995), no clear evidence has yet been presented
for a strong nearest-neighbor effect on the nature of
inherited nucleotide substitutions in humans in vivo. Pre-
vious studies based on phylogenetic (e.g., see Golding
and Glickman 1986) or clinical data (e.g., see Todorva
and Danieli 1997) have either been purely anecdotal or,
instead, have been focused on single genes or gene fam-
ilies. A broad-based analysis of the spectrum of single-
base-pair substitutions has only recently become possi-
ble, through the establishment of the The Human Gene
Mutation Database (HGMD [Krawczak and Cooper
1997]), a comprehensive literature-based collection of
mutations either underlying or associated with human
inherited disease. Containing 17,200 different nucleo-
tide substitutions from the coding regions of some 550
different genes, HGMD provides an unparalleled source
of material for the metanalysis of germ-line mutations
in human genes.
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Owing to the retrospective nature of HGMD data,
however, nucleotide-substitution rates can be assessed
only in relative terms. Furthermore, for a mutation to
be represented in HGMD, it must result in a phenotype
severe enough to have come to clinical attention but, at
the same time, must not be subject to preclinical selec-
tion. In order to take these considerations into account,
a new analytical approach has been devised that models
the likelihood that a mutation in HGMD will be ob-
served as a function of its consequences at both the DNA
and protein level (Krawczak et al. 1995; Krawczak and
Cooper 1996). In an iterative procedure, estimates are
obtained simultaneously for the relative occurrence rate
of a given substitution type, with allowance for flanking
nucleotides, and for the relative clinical observation like-
lihood of its resulting phenotype. The large number of
different genes analyzed here ensures that the biases that
reflect the private characteristics of individual proteins
and that hamper studies of single genes or gene families
are likely to be averaged out.
Our study reveals that, when neighboring mononu-
cleotides and dinucleotides are considered as covariates,
their effect on single-base-pair mutagenesis is locally
confined. This finding has several important practical
and theoretical implications: consideration of nearest-
neighbor–dependent substitution rates should help to
optimize mutation-search strategies, render phylogenetic
reconstruction in molecular-evolutionary studies more
realistic (Krawczak et al. 1996), and allow the private
characteristics of gene- or tissue-specific mutational
spectra to be identified, thereby providing the basis for
a better understanding of the molecular mechanisms un-
derlying single-base-pair substitutions in general.
Material and Methods
HGMD
HGMD is a comprehensive collection of germ-line
mutations underlying or associated with human inher-
ited disease, comprising published single-base-pair sub-
stitutions, deletions, duplications, insertions, and more-
complex rearrangements in human nuclear genes (Kraw-
czak and Cooper 1997). Although originally established
for research purposes (Cooper and Krawczak 1993), the
database has since acquired a much broader utility and,
for this reason, was made publicly available, through
the Internet, in April 1996.
By November 1997, HGMD contained 7,271 differ-
ent single-base-pair substitutions (5,862 missense and
1,409 nonsense) in the coding regions of 547 different
genes. HGMD entries for this category of lesion include
the triplet change, with an additional flanking nucleotide
logged when the mutated base lies in either the first or
third position in the triplet. This information allows
nearest-neighbor effects on substitution rates to be read-
ily assessed for the 5′ and 3′ nucleotides flanking the site
of mutation. For a subset of 423 of the genes, reference
cDNA sequences (starting with the ATG initiation codon
and ending with the stop codon) also were available,
allowing the analysis of the broader DNA-sequence con-
text for 6,885 substitutions (94.7% of the total).
It should be noted that each nucleotide substitution
in HGMD has been logged only once, in order to avoid
confusion between recurrent and identical-by-descent le-
sions. Although necessitating the systematic exclusion of
multiple independent de novo mutations, this restriction
is considered unlikely to bias the estimates of relative
substitution rates and clinical observation likelihoods to
any marked extent, because of the large sample size.
Estimation of Relative Single-Base-Pair Substitution
Rates and Relative Clinical Observation Likelihoods
With the possible exception of biologically lethal dom-
inant conditions, germ-line mutational spectra associ-
ated with genetic disease do not allow single-base-pair
substitution rates to be estimated directly and in absolute
terms. This shortcoming is due to the fact that, without
extensive haplotyping, discrimination between recurrent
mutation and identity by descent is impossible. Even if
two identical-by-state lesions were recognized to be of
independent origin, the actual number of meioses
screened for their occurrence would remain unknown.
Additionally, for a mutation to be found to be associated
with disease, it must cause a phenotype sufficiently se-
vere that it comes to clinical attention, but, at the same
time, it must not be selected against antenatally or pre-
clinically. This implies that clinically observed mutation
frequencies may not reflect directly the underlying rates
of occurrence.
To disentangle the effects that mutation and selection
have on an observed mutational spectrum such as that
found in HGMD, we have devised an iterative multi-
variate procedure (Cooper and Krawczak 1993; Kraw-
czak et al. 1995; Krawczak and Cooper 1996) that takes
into account the phenotypic consequences of mutation
and that estimates, in relative terms, single-base-pair
substitution rates and clinical observation likelihoods of
phenotypic consequences. A detailed presentation of this
approach is given in the Appendix.
In brief, the algorithm aims to maximize the overall
likelihood of a given mutation sample, assuming that
the likelihood that an individual mutation of primary
type x and phenotypic consequence a will be observed
equals the product of the probability of occurrence of x
at the DNA level, m(x), and the clinical observation like-
lihood of a, L(a). Maximum-likelihood estimates of rel-
ative m and L values, also corrected for human gene-
codon usage and the redundancy of the genetic code,
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are obtained in iterative fashion. In the present study,
mutation type x was defined either as the nucleotide
substitution on its own (e.g., CrT, GrA, or ArT), as
the substitution conditional on a flanking mononucle-
otide (e.g., CGrTG, CNTrANT, or GN3ArGN3T),
or as the substitution conditional on a flanking
dinucleotide (e.g., ATCrATA, TN2TCrAN2TC, or
CGN3CrCGN3A).
Phenotypic consequence a was measured in terms of
the chemical difference between wild-type and mutant
amino acid residues. This parameter, originally devised
by Grantham (1974) to assess the net effect of amino
acid exchanges in evolutionary comparisons, combines
the three interdependent properties of composition, po-
larity, and molecular volume in a single, continuous
quantity. For the sake of simplicity, however, the range
of chemical-difference values was divided here into 11
equally sized intervals, thereby transforming a into a
class variable; an additional class was introduced for
nonsense mutations.
Significance Assessment (Nearest-Neighbor Effects)
The variability of m(x) and L(a) estimates was assessed
by bootstrapping, with each SD determined in 10,000
resampling simulations (Hjorth 1994). In order to test
relative substitution rates for a potential strand differ-
ence, mutations were defined in terms of the immediately
5′ and 3′ flanking nucleotides (e.g., x  CTGrCAG).
Estimates of m(x) were then compared with m(xc), the
analogous estimate for the complementary sequence
(e.g., x  ATCrAGC, and xc  GATrGCT). Differ-
ences were deemed to be significant when cm(x) 1 m(x )
or in 9,995 of 10,000 bootstrapping simu-cm(x) ! m(x )
lations. This threshold was adopted to allow an overall
95% significance level for the 96 comparisons involved.
The influence of neighboring mononucleotides and
dinucleotides on relative single-base-pair substitution
rates was assessed as follows. For a given substitution
x (e.g., xCrA), let xi denote the mutation type defined
by mononucleotide or dinucleotide hi flanking substi-
tution x. If it is assumed that all hi are, a priori, equally
likely to flank the wild-type nucleotide in x, then
can be interpreted as the posteriorP (h :x)  m(x )/S m(x )i i j j
probability of hi, given that x has occurred. In the ab-
sence of any neighboring-nucleotide effects, P(hi:x)
would equal or for all mononucleotides or dinu-1 14 16
cleotides hi, respectively, so that the Euclidean distance
between and the centroid ,P  {P}  {P(h :x)}   { }i i i
with or , is a good
11 1 2
2    d (P,)  [S (P  ) ]i i i i i4 16
measure of the influence of the flanking mononucleotide
or dinucleotide on the relative rate of x. Whether P was
significantly different from  was again determined by
bootstrapping. When the P vector emerging from the
original data set was denoted by “Po” and when the
vectors from bootstrapping were denoted by “Pr,” Po
was deemed significantly different from  when
( )d P ,P ! max[d(P ,),d(P ,)] , (1)o r o r
for 19,995 of 10,000 replicates Pr. Formula (1) can be
interpreted as Pr being closer to Po than , or at least on
the same “side” of  as is Po. Since 10 positions sur-
rounding each of the 12 possible substitutions were con-
sidered, this analysis involved 120 comparisons. The
threshold noted above thus ensured a 95% overall sig-
nificance level.
Significance Assessment (Codon Usage)
In a region comprising four amino acid residues both
upstream and downstream of missense mutations, the
relative use of ambiguous codons was tested for signif-
icant features, by means of a x2 statistic with 1 df. Ex-
pected frequencies were calculated from published co-
don-usage data for human genes (Nakamura et al.
1996). Since 55 comparisons were involved, a threshold
of was adopted for the error40.05/55  9.09 # 10
probability. Absolute codon usage surrounding nonsense
mutations was related to the total 448 HGMD reference
cDNA sequences. To this end, codon usage was deter-
mined in the reference cDNA sequences around codons
with the potential to mutate to a termination codon by
single-base-pair substitution. The frequencies obtained
were subsequently weighted, for each potentially mu-
table codon, in terms of its actual frequency in the
HGMD sample. Significance was assessed for each of
the 64 surrounding codons, by means of a x2 statistic
with 1 df, with adoption of a threshold of 0.10/64 
for the error probability. A lower overall31.56 # 10
significance level of 90% was chosen, in order to allow
for the considerably smaller number of nonsense mu-
tations available for analysis.
Significance Assessment (Mutational Bias toward
Flanking Nucleotide)
The importance of slippage-mediated misincorpora-
tion for the occurrence of single-base-pair substitutions
was assessed by means of the relative proportion of mu-
tations toward the immediately 5′ or 3′ flanking nucle-
otide. This study necessarily was limited to sites at which
the wild-type nucleotide was different from the flanking
base. In addition, CGrTG and CGrCA transitions ex-
plicable by the deamination of 5-methylcytosine were
discarded (1,675/7,271, or 23% of the total), since the
relative abundance of this type of mutation would have
served to obscure any mechanistic relationship under-
lying the remaining substitutions. The number of mu-
tations toward the immediately 5′ or 3′ flanking nucle-
otide that were expected under the null hypothesis that
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Table 1
Spectrum of Observed Single-Base-Pair Substitutions in Gene-
Coding Regions, Logged in HGMD
ORIGINAL
NUCLEOTIDE
NO. OF SUBSTITUTIONS BY
TOTALT C A G
T ) 654 271 312 1,237
C 1,632 (940)a ) 371 340 2,343
A 201 163 ) 538 902
G 619 453 1,717 (735)b ) 2,789
Total 2,452 1,270 2,359 1,190 7,271
a Number in parentheses is the proportion of transitions that are
CGrTG.
b Number in parentheses is the proportion of transitions that are
CGrCA.
substitution toward a flanking nucleotide occurs with
probability was determined as described in the Ap-13
pendix. Observed frequencies were tested for significant
deviation from these expectations by means of a x2 sta-
tistic with 1 df.
Results
Throughout the following sections, a shortened form
will be used to denote classes of single-base-pair sub-
stitutions and their sequence context. For any oligomers
A, B, and C, “(A,B)rC” is equivalent to “ArC,
BrC” whereas “Ar(B,C)” means “ArB, ArC.” For
example, CGr(TG,CA) denotes the class of CGrTG
and CGrCA transitions.
Relative Single-Base-Pair Substitution Rates
The spectrum of single-base-pair substitutions within
gene-coding regions and logged in HGMD reveals a hi-
erarchy of nucleotides that is clear-cut with respect to
their propensity to undergo substitution—namely, G 1
(table 1). Consistent with previous observa-C 1 T 1 A
tions (Cooper and Krawczak 1990, 1993), a prepon-
derance of transitions (62.5%) over transversions
(37.5%) was observed. Most but not all of this excess
can be attributed to CGr(TG,CA) mutations, which are
readily explicable in terms of methylation-mediated de-
amination of 5-methylcytosine (5mC) on either the sense
or antisense DNA strands. This type of lesion accounts,
on its own, for 23.0% of all substitutions and for 36.9%
of transitions. Breakdown of the data by chromosomal
location revealed, however, that the proportion of
CGr(TG,CA) substitutions was significantly higher for
autosomal genes (1,325/5,296, or 25.0%) than for X-
chromosomal genes (350/1,975, or 17.7%) ( 2x 
, 1 df, ). In part, this disparity can be ex-543.21 P ! 10
plained by a generally more pronounced CpG suppres-
sion observed in X-linked genes: the average CpG con-
tent was for the 401 autosomal cDNA.0367 .0224
sequences provided by HGMD and was .0286
for the 45 X-chromosomal cDNAs (Student’s.0164
, 444 df, ). When the CG:GC ratio wast  2.35 P ! .01
considered, in order to allow for differing GC content
in different genes and/or chromosomes, the respective
average values were for the X chromo-.4191 .1492
some and for autosomes ( , 444.4610 .1615 t  1.66
df, ).P ! .05
As outlined above (see the Material and Methods sec-
tion), mutation frequencies observed in the context of
human inherited disease are unlikely to reflect the true
underlying rates of mutation occurrence. Since different
amino acid substitutions have different effects on protein
structure and function, they necessarily have come to
clinical attention (and thus have entered HGMD) with
different probabilities. Moreover, codon frequencies dif-
fer from one another, implying that, in a mutational
event, different amino acid residues have different prior
probabilities of being involved. Relative single-base-pair
substitution rates corrected for these two confounding
factors are presented in table 2. Although the rate es-
timates are broadly consistent with the frequency data
in table 1, some differences are nevertheless apparent.
Thus, transversions (G,A)rT are estimated to occur at
only half the rates suggested by their absolute frequen-
cies. By contrast, the corrected transition rate of TrC
is some 50% higher than its frequency-based counter-
part. A similar, albeit smaller bias also applies to the
other three transitions (namely, CrT, GrA, and ArG).
Neighboring-Nucleotide Effects
It has been known for some time (Cooper and Yous-
soufian 1988) that the rate of CrT and GrA transitions
in human genes is greatly increased by the presence of
a 3′ guanine or 5′ cytosine residue, respectively, owing
to the abundance of hypermutable methylated CpG di-
nucleotides (Bird 1986). The question therefore arises as
to whether a neighboring-nucleotide effect might exist
also for other types of nucleotide substitution. Figure 1
depicts the influence on relative single-base-pair substi-
tution rates that is exerted by the five nucleotide posi-
tions upstream and downstream of a potential mutation
site. Each data point represents 1 of 12 possible single-
base-pair substitutions. Neighboring-nucleotide effects
on relative mutation rates are expressed in terms of a
vector-based parameter, the distance from centroid, that
measures, at a given position, the deviation from inde-
pendence. The larger this distance, the more skewed is
the posterior probability that particular mononucleo-
tides will be observed in the vicinity of a given substi-
tution (see the Material and Methods section). The com-
plete data set is available for inspection, on the HGMD
Website.
Two outliers mark the strong effects that the 1 (5′)
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Figure 1 Influence of flanking mononucleotides on bias-cor-
rected relative single-base-pair substitution rates. Each circle represents
one of 12 possible substitutions. The vertical axis measures the im-
portance of a flanking position for the respective substitution rate in
terms of a vector-based parameter (“Distance from Centroid”; see the
Material and Methods section). Substitutions with a significant neigh-
boring-nucleotide effect are denoted by the blackened circles.
Table 2
Relative Single-Base-Pair Substitution Rates in Human Nuclear Genes Causing Inherited Disease
ORIGINAL
NUCLEOTIDE
RELATIVE SUBSTITUTION RATE  SDa
T C A G
T ) 1.525  .062 .374  .023 .410  .024
C 2.702  .068 ) .541  .028 .505  .028
A .187  .014 .268  .022 ) 1.127  .051
G .521  .023 .712  .035 3.128  .078 )
a Based on HGMD data and corrected for confounding effects as described in the Appendix. The
estimates are unitless and have been scaled so that their average, taken over all 12 substitution types, is
unity.
and1 (3′) positions have on GrA and CrT transitions,
respectively. A significant influence also was noted, how-
ever, for some other substitutions: Tr(C,A), Ar(C,G),
and Gr(T,C) are biased by the nucleotide at position
1, whereas Tr(C,G), Cr(G,A), Ar(T,G), and GrT
are biased by the nucleotide at position 1. Neverthe-
less, it is evident that the nearest-neighbor influence de-
creases markedly with distance from the site of substi-
tution (fig. 1). A significant, albeit weak effect was
observed for position 2, but only for five substitu-
tions—TrC, CrT, ArG, andGr(T,C). Interestingly, the
six substitutions significantly influenced by the 1 (5′)
nucleotide can be matched with their complementary
substitutions being significantly influenced by the1 (3′)
neighbor, and vice versa. When nearest-neighbor effects
were analyzed with allowance for neighboring dinu-
cleotides rather than mononucleotides, more substitu-
tions tended to exhibit a statistically significant but
weaker rate dependency (data not shown). Nevertheless,
the effect again was confined to a small region, unlikely
to extend beyond positions 2 and 3.
In order to illustrate the impact of the computational
method described in the Appendix, estimates of relative
single-base-pair substitution rates, simultaneously al-
lowing for both flanking nucleotides, also were calcu-
lated, without correction for any confounding factors.
These estimates, m′(x), simply equated the absolute num-
ber of reports of a given mutation type x multiplied by
a constant factor so as to ensure that the average m′ value
was unity. When allowance was made for multiple test-
ing at an overall 95% level (192 comparisons), differ-
ences between the two estimates were deemed significant
when . Here, j denotes the SD of′d m(x) m (x) d 1 3.5 7 j
m(x). In total, m′ represented a significant overestimate
of m for 51 substitutions (fig. 2), none of which involved
CGr(TG,CA). On the other hand, with the excep-
tion of CCGrCTG and GCGrGTG, all rates of
CGr(TG,CA) transitions would have been significantly
underestimated by m′.
A Strand Difference in Single-Base-Pair Substitution
Rates
Inspection of the relative rates of CGr(TG,CA) tran-
sitions as estimated conditional on either the upstream
or downstream nucleotide, respectively (table 3), sug-
gests that methylation-mediated deamination of CpG
dinucleotides is significantly biased by the 5′ flanking
nucleotide on the noncoding DNA strand (table 3, rows
1–4) but not on the coding strand (table 3, rows 5–8).
By contrast, the nucleotide immediately downstream of
a CpG appears to be significant for CGrTG transitions,
irrespective of the DNA strand involved. Here, 3′ ade-
nine residues are associated with the highest relative sub-
stitution rates (table 3, rows 9–12 and 13–16). Also
included in table 3 (rows 17–19 and 20–22) are relative
CNGr(TNG,CNA) transition rates, allowing us to ad-
dress the question as to whether cytosine methylation
and consequent high-frequency deamination might also
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Figure 2 Bias-corrected versus uncorrected estimates of relative
single-base-pair substitution rates, conditional on 5′ and 3′ flanking
mononucleotides. x mutation type; m(x)  corrected estimate of rel-
ative substitution rate, derived as described in the Appendix; and m′(x)
 uncorrected estimate, based solely on the observed frequency of x.
Pairs for which is 13.5 SD of m(x) are denoted by crosses′Fm(x) m (x)F
(#).
Table 3
Neighboring-Nucleotide Effects on Relative
CGr(TG,CA) and CNGr(TNG,CNA) Transition
Rates
Substitution
Relative Substitution
Rate  SDa
CGTrCAT 10.255  .973
CGCrCAC 9.735  .787
CGArCAA 11.527  .871
CGGrCAG 13.023  .880
ACGrATG 8.687  .683
GCGrGTG 6.762  .491
TCGrTTG 8.276  .641
CCGrCTG 8.340  .475
TCGrTCA 15.219  1.096
CCGrCCA 12.350  .761
ACGrACA 10.695  .912
GCGrGCA 11.310  .844
CGArTGA 11.888  .602
CGGrTGG 8.656  .543
CGTrTGT 7.919  .825
CGCrTGC 6.744  .498
CTGrCTA 1.815  .150
CAGrCAA 1.159  .177
CGGrCGA 1.261  .250
CAGrTAG 1.329  .084
CTGrTTG .896  .168
CCGrTCG .738  .196
a Based on HGMD data and corrected for con-
founding effects as described in the Appendix. The
estimates are unitless and have been scaled so that
they yield an average of unity for the respective din-
ucleotide position; relative rates therefore can be re-
lated to one another only within a subcolumn.
occur at these motifs. Although the relative rates of
CNGrTNG and CNGrCNA transition are not sub-
stantially higher than the average (i.e., unity) when
is excluded, a flanking-nucleotide effect never-N  G
theless is noted: the data are consistent with CNG un-
dergoing transition to TNG, on both strands, at a 50%
higher rate when than when or .N  A N  T N  C
Depicted in figure 3 are relative single-base-pair sub-
stitution rates taking into account the single nucleotides
immediately flanking, on its 5′ and 3′ sides, the mutated
base. Each data point represents a pair of mutations,
with one substitution being the complementary homo-
logue of the other (e.g., GCArGTA vs. TGCrTAC).
Were substitution rates identical on both DNA strands,
then the data points should approximate the 45 line.
However, 10 significant outliers were identified (fig. 3),
and these are listed in table 4. Purines and pyrimidines
were involved in five cases each, with G and T consis-
tently showing rates of substitution higher than those
for C and A. Interestingly, one substitution pair involves
CGr(TG,CA) transitions, and the GrA rate was found
to exceed that of CrT. The same relationship holds for
the other three CGNrCAN/NcCGrNcTG pairs (where
Nc denotes the base complementary to N), although the
corresponding rate differences failed to attain statistical
significance once multiple testing had been allowed for.
Nevertheless, individual error probabilities were .001 for
/ and .002 for / , indicativec cN  T N  A N  G N  C
of a similarly strong bias for these substitution pairs.
Only for / ( ) could a strand dif-cN  A N  T P  .105
ference in relative substitution rate possibly be ruled out.
At first sight, the higher rate for CGrCA than for
CGrTG might appear to be inconsistent with the data
presented in table 1 (ratio of absolute frequencies 735:
940, or .78). This discrepancy is, however, explicable in
terms of CGrTG transitions being more likely to dis-
rupt protein function than are CGrCA transitions
(CGArTGA transitions create termination codons,
whereas no CGrCA transition yields a nonsense
mutation).
Relative Clinical Observation Likelihoods
In the process of computing relative single-base-pair
substitution rates conditional on both the 5′ and 3′ flank-
ing nucleotides, we also estimated the relative clinical
observation likelihoods of different amino acid replace-
ments as classified by the chemical difference between
the respective wild-type and mutant residues. A steady
increase in clinical observation likelihood with increas-
ing chemical difference was apparent (fig. 4). Moreover,
nonsense mutations were found to be more than twice
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Figure 3 Bias-corrected relative single-base-pair substitution
rates, conditional on 5′ and 3′ flanking mononucleotides. Each circle
represents a pair of substitution rates, m(x) and m(xc), with one sub-
stitution (xc) being the complementary homologue of the other x. Pairs
with significantly different nearest-neighbor–dependent rate estimates
are denoted by crosses (#).
Table 4
Strand Difference in Relative Single-Base-Pair
Substitution Rates
Original Substitution (Relative
Substitution Rate  SDa)
Watson Crick Homologue
(Relative Substitution
Rate  SDa)
GGTrGTT ( )1.166 .161 ACCrAAC ( ).515 .082
TGGrTAG ( )1.649 .128 CCArCTA ( ).994 .092
CGGrCAG ( )13.009 .884 CCGrCTG ( )8.351 .471
CTTrCCT ( )1.136 .203 AAGrAGG ( ).353 .098
CTCrCCC ( )1.198 .173 GAGrGGG ( ).321 .068
TGCrTCC ( ).757 .128 GCArGGA ( ).192 .058
CTGrCCG ( )1.871 .150 CAGrCGG ( ).807 .126
GGTrGAT ( )1.785 .207 ACCrATC ( ).680 .135
CTGrCAG ( ).219 .044 CAGrCTG ( ).032 .016
CTTrCGT ( ).471 .107 AAGrACG ( ).122 .042
a Based on HGMD data and corrected for confounding ef-
fects, as described in the Appendix. The estimates are unitless
and have been scaled so that their average, taken over all 192
substitution types, is unity. Only substitutions for which one
relative-rate estimate was consistently larger than its counter-
part in 19,995/10,000 bootstrap simulations are included.
as likely to come to clinical attention as the most extreme
missense mutations (chemical difference 2.0–2.2) and
were three times more likely to come to clinical attention
than the average amino acid change.
Codon Usage around Substitution Sites
An alternative means to study the importance of the
immediate DNA-sequence environment for single-base-
pair mutagenesis would be to try to identify mutation-
associated sequence motifs directly. At least for missense
mutations, however, this type of analysis would have
been seriously hampered by the difficulty in controlling
for the selective effects of the amino acid–sequence con-
text. It therefore was decided to confine the investigation
of missense mutations to surrounding synonymous co-
don usage—that is, by comparison of the relative fre-
quencies only for neighboring triplets encoding one and
the same amino acid (table 5). Nonsense mutations, on
the other hand, are, on average, three times more likely
to come to clinical attention than are missensemutations
(see above), suggesting that selection acting on the im-
mediate amino acid–sequence context of such lesions is
less likely to confound their observed spectrum. General
codon usage therefore was analyzed for significant
features around sites of nonsense mutation (table 6).
A total of 15 codons were found to be significantly
over- or underrepresented in the vicinity (i.e., four amino
acid residues upstream and downstream) of missense
mutations. Intriguingly, considerable overlap with the
results obtained for nonsense mutations was noted: all
codons but one (CTA) that were associated with non-
sense mutations also were found to be (relatively) abun-
dant around amino acid replacements. However, only
one codon (GGG) was underrepresented in both data
sets. Thus, no evidence was found for the existence of
“mutation-protective” sequence motifs. The observed
paucity of glycine residues around nonsense mutations
may be suggestive of structural/functional constraints
rather than of mutation repression.
A Role for Slippage-Mediated Misincorporation?
Kunkel (1985) proposed a model that sought to ex-
plain—through transient misalignment of the primer
template, caused by looping out of a single template base
(“misalignment mutagenesis”)—nucleotide misincor-
poration during DNA replication. If this mechanism of
slippage-mediated misincorporation were to play an im-
portant role in the generation of single-base-pair sub-
stitutions in human genes, then a substantial proportion
of mutations in the HGMD data set should exhibit iden-
tity between the newly introduced base and one of the
bases immediately flanking the site of mutation. The
observed and expected frequencies presented in table 7
show that this is indeed the case, but only at certain
codon positions. Mutation toward the 5′ flanking nu-
cleotide has occurred significantly more often than ex-
pected at the second position of the codon but not at
the first or last position; mutation toward the 3′ flanking
base is favored at the first position of a codon but is
disfavored at the second position. These findings suggest
a mutation mechanism, at position 1 and position 2 in
the codon (both of which are critical in the specification
of the encoded amino acid residue), that is biased toward
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Figure 4 Relative clinical observation likelihood of amino acid
substitutions, as a function of chemical difference between substituting
and wild-type residues. SDs of estimates determined by bootstrapping
(10,000 simulations) are demarcated by vertical bars.
the nucleotide at the other position. Inspection of the
genetic code reveals that such a bias invariably serves to
avoid the de novo introduction of termination codons.
Mutability and Thermodynamic Stability
The stability and melting behavior of a DNA duplex
depends critically on its primary nucleotide sequence.
More specifically, Breslauer et al. (1986) demonstrated
that, thermodynamically, DNA duplex structures can be
considered as the sum of their nearest-neighbor pairwise
interactions. From the calorimetric study of 19 DNA
oligomers and 9 DNA polymers, Breslauer et al. (1986)
compiled tables of the transition enthalpy changes (DH)
and the transition free-energy changes (DG) associated
with disruption, at 1 M NaCl, 37C, and pH 7.0, of any
of the 10 possible Watson-Crick nearest-neighbor inter-
actions. The sum of these pairwise values, taken over
the primary DNA sequence, was found to correlate
strongly with the experimentally observed DH and DG
of 12 DNA oligomers.
In order to assess whether the nearest-neighbor influ-
ence on single-base-pair mutagenesis is associated with
thermodynamic DNA stability, we attempted to relate
DH and DG of a given triplet, , to theq  q q q1 0 1
average relative mutation rate at the central nucleotide
of the triplet, 1q ,m (q)  n 7 m(q q q r0 av q′ 1 0 1
. Here, summation is over all , exclud-′ ′q q q ) q ( q1 1 0
ing CGr(TG,CA) transitions, and n is the number of
such q′ ( or 3). Both thermodynamic parametersn  2
of a triplet show a significant positive correlation with
mav (fig. 5) when they are tested by means of a Spearman
rank correlation coefficient (DH 0.23, ; DG 0.35,P ! .05
). This implies that any increase in stability ofP ! .005
the immediate DNA-sequence environment increases the
likelihood that a given nucleotide will undergo substi-
tution. The fact that this correlation is stronger for DG
than for DH (DG at 0K) is indicative of a temperature-
dependent relationship.
Discussion
Single-base-pair substitutions causing human genetic
disease may arise via a number of different endogenous
mechanisms. Perhaps the most important and best un-
derstood is the deamination of 5-methylcytosine, the
most abundant chemically modified base in vertebrate
genomes and one that is confined almost exclusively to
CpG dinucleotides (Cooper and Krawczak 1993). The
high rate of 5mC deamination and consequent replace-
ment by thymine (Shen et al. 1994) renders the CpG
dinucleotide a hot spot for germ-line mutation in ver-
tebrate genomes. Another mutagenesis model often in-
voked to account mechanistically for germ-line nucleo-
tide substitutions in humans involves the misincor-
poration of noncomplementary nucleotides as a conse-
quence of transient template-primermisalignment (“mis-
alignment mutagenesis”; Kunkel 1990, 1992). Misalign-
ment is thought to be mediated by short direct or
inverted sequence repeats in the immediate vicinity of
the lesions. In somatic tissues, 5mC deamination also
appears to be an important mechanism of single-base-
pair substitution (Hollstein et al. 1991; Tornaletti and
Pfeifer 1995). Indeed, the relative rate of mitotic cancer-
associated CGr(TG,CA) transitions observed in the
TP53 gene, the most widely mutated gene in human
tumorigenesis, is very similar to the overall germ-line
rate observed in other human genes (Krawczak et al.
1995). Some somatic mutationsmay occur, teleologically
speaking, by design—for example, the various prepro-
grammed hot spots for single-base-pair mutagenesis in
the variable (V) regions of the mammalian immuno-
globulin genes. Their hypermutability, potentiating the
generation of diversity in the immune response, appears
to be targeted mainly toward short RGYW ( ;R  A/G
; and ) and TAA motifs (Rogozin andY  T/C W  A/T
Kolchanov 1992). In vitro data further suggest the con-
comitant existence, in V regions, of mutational cold-spot
motifs (e.g., TAGA; Lin et al. 1997).
What all the above mechanisms have in common is
that the mutational bias involved is DNA-sequence de-
pendent. However, since the available evidence for se-
quence-dependent mutational bias either has been based
on in vitro data or has related only to a small number
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Table 5
Codons Significantly Over-/Underrepresented among 4 Amino Acid Residues Surrounding
Missense Mutations
CODON
CGr(TG,CA) EXCLUDED ( )N  4,318 CGr(TG,CA) INCLUDED ( )N  5,556
No. of Codons
Observed
Over-/Under-
representationa
(%) x2
No. of Codons
Observed
Over-/Under-
representationa
(%) x2
CGA 235 35.1 24.0 282 25.9 16.9
GGT 530 27.9 38.5 653 25.3 39.8
CCT 596 23.2 36.0 748 20.7 36.7
GGT 468 21.8 21.9 567 14.9 13.2
CTT 425 18.1 13.3 532 12.4 8.3b
GAA 862 16.5 33.3 1,020 7.8 9.6b
ACT 402 16.2 11.7 497 11.0 7.1b
AAT 635 10.8 11.8 761 3.7 1.8b
AAC 715 8.0 11.8 969 2.7 1.8b
CTG 1,282 8.6 18.6 1,764 4.3 6.3b
GAG 1,023 10.6 33.3 1,390 5.0 9.6b
GTC 521 12.9 13.4 677 11.9 14.6
GCG 178 21.7 12.0 244 17.2 9.7b
GGG 476 24.0 48.1 616 21.8 49.9
CCG 147 27.2 16.9 193 25.4 18.9
a Compared with ambiguous codon usage in human genes (Nakamura et al. 1996).
b Value is not significant.
of motifs or genes (see above), it is unclear whether there
could be specific DNA sequence motifs that are fre-
quently or even invariably associated with single-base-
pair substitutions in human genes, causing inherited dis-
ease. With the establishment of HGMD, it became pos-
sible to answer this question by utilization of a large
number of known nucleotide substitutions in a wide va-
riety of different genes.
In terms of their relative frequency of occurrence, the
most important category of single-base-pair substitution
in HGMD is represented by CrT and GrA transitions
within CpG dinucleotides; some 23% of all single-base-
pair substitutions found within the coding regions of
human genes are of this type. When, through consid-
eration of relative mutabilities, allowance is made for
the confounding effects of codon usage and differential
clinical observation likelihoods, this proportion trans-
lates into a mean transition rate, for either CGrTG or
CGrCA, that is five times higher than the base mutation
rate. This represents a considerable downward adjust-
ment of our earlier estimate of 7.4, which was derived
from a ninefold-smaller sample (Cooper and Krawczak
1993). It reflects the disappearance of an initial reporting
bias in the human molecular-genetics literature, a bias
that most likely was due to the limited number of mu-
tation-detection techniques available during the 1980s
and early 1990s. Before 1993, ∼31% of all published
single-base-pair substitutions in human genes were
CGr(TG,CA). This value dropped to some 24% in
1994–95, before reaching its current level of 21%.
Intriguingly, the proportion of CGr(TG,CA) transi-
tions is significantly higher for autosomal genes (25.0%)
than for X-linked genes (17.7%), a finding that directly
reflects the significantly lower frequency of CpG in the
coding sequences of X-linked genes (2.9%), compared
with that in autosomal genes (3.7%). The lower CpG
frequency in X-chromosomal genes may itself be a con-
sequence of a generally increased level of DNA meth-
ylation, an increase that results from the recruitment of
this postsynthetic modification to play a role in X in-
activation (Hornstra and Yang 1994; Jamieson et al.
1996).
For CpG dinucleotides to be hypermutable in the con-
text of genetic disease, they must be methylated in the
germ line. Since it cannot be excluded that the efficiency
of both DNA methyltransferase action (Bolden et al.
1985; Smith 1994; Smith and Baker 1997) and G:T mis-
match repair (Sibghat-Ullah and Day 1993) are influ-
enced by sequence motifs flanking the CpG dinucleotide,
the question arises as to whether, by virtue of their DNA
sequence context, some CpG sites may be intrinsically
more mutable than others. Significant differences in the
relative mutation rate of CpG dinucleotides, depending
on flanking nucleotides, indeed were noted in the present
study (table 3). These results are consistent with those
of Ollila et al. (1996), who noted a preference for 5′
pyrimidines and 3′ purines flanking mutated CpG din-
ucleotides, albeit in a much smaller data set derived from
publicly available locus-specific mutation databases.
Our findings might, however, appear to conflict with
those of Clay et al. (1995), who reported a tendency
toward a 5′C and a 3′G in CpG-poor, noncoding regions
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Table 6
Codons Significantly Over-/Underrepresented among 4 Amino Acid Residues Surrounding
Nonsense Mutations
CODON
CGr(TG,CA) EXCLUDED ( )N  998 CGr(TG,CA) INCLUDED ( )N  1,328
No. of Codons
Observed
Over-/Under-
representationa
(%) x2
No. of Codons
Observed
Over-/Under-
representationa
(%) x2
CGA 66 42.2 8.7b 94 52.2 17.6
CTA 78 36.6 8.1b 103 35.6 10.2
ACT 134 29.5 10.0 174 26.3 10.7
CTT 109 4.7 .3b 174 25.6 10.2
GTT 120 31.9 10.2 151 24.7 8.1b
GAA 306 19.0 12.5 412 20.4 19.1
GGA 127 23.5 11.0 189 14.4 5.5b
GGG 97 26.5 10.6 138 21.4 9.2b
GGT 77 29.1 10.3 111 23.2 8.7b
a Compared with 448 reference (human) cDNA sequences.
b Value is not significant.
of vertebrate DNA, indicative of a lower mutation rate
of CCGG. Such a relationship is not immediately ap-
parent from the HGMD data. However, even if a “pro-
tective effect” such as that suggested by Clay et al. (1995)
were exclusively confined to a particular CpG-contain-
ing oligomer, nothing would be known regarding its
overall efficiency in coding regions. Were this efficiency
low, other nearest-neighbor effects might easily have ob-
scured its influence on the observed mutational spectrum
in human genes. An alternative possibility is that a subset
of methylated CpG dinucleotides might be more prone
to deamination, perhaps by virtue of their occurrence in
a low-melting-temperature domain (the rate of 5mC de-
amination in single-stranded DNA is 28-fold higher than
that in double-stranded DNA [Ehrlich et al. 1986]). To
test this postulate, we assessed the frequency of A and
T residues flanking CGArTGA mutations. Although A/
T richness was found to be significantly increased in the
vicinity of such lesions, compared with that in control
DNA sequences (50.4% vs. 47.6%), this elevation was
not deemed to be strong enough to suggest any particular
propensity of the mutated regions to become transiently
single stranded.
5mC is known to occur at low frequency in non-
CpG dinucleotides within triplets of the form CpNpG
(Woodcock et al. 1988; Clark et al. 1995; Kay et al.
1997), and mutations at these sites have been reported
in the NF1 gene and the BRCA1 gene (Rodenhiser et
al. 1996, 1997). This could imply that methylation-
mediated CrT and GrA transitions occur at CpNpG
triplets in human genes. However, since the relative
rates of CpNpGrTpNpG ( ) transition andN( G
CpNpGrCpNpA ( ) transition that have been de-N( C
rived from the present study are not substantially higher
than the average substitution rate conditional on the
next-but-one nucleotide, we may conclude that meth-
ylation-mediated deamination at such triplets has not
contributed significantly to the mutational spectrum ob-
served in HGMD.
Some studies have proposed a strand bias in either
CpG deamination frequency or T:G mismatch repair,
with CrT transitions outnumbering GrA transitions
(Skandalis et al. 1994; Leader et al. 1995). In terms of
their observed frequencies, such a relationship also holds
for the collection of single-base-pair substitutions that
have been analyzed in the present study (table 1). How-
ever, none of the previous studies allowed either for co-
don usage or for the magnitude of amino acid exchange,
so that the skewed transition frequencies observed prob-
ably reflected observational bias rather than intrinsic dif-
ferences in mutation rate. When relative substitution
rates are considered, CGrCA is estimated to occur at a
probability that is 1.4-fold higher than that for CGrTG
(table 3).
Although the same substitution types appear to be
subject to next neighbor-effects on the coding and non-
coding DNA strands, the quantitative differences in non-
CpG single-base-pair substitution rates observed here
confirm that the two DNA strands are not fully equiv-
alent in terms of their rates and patterns of mutation
(Wu and Maeda 1987). There are several possible (and
non–mutually exclusive) reasons for this strand asym-
metry. First, the four nuclear DNA polymerases, each
associated with its own distinctive mutational spectrum,
may be differentially involved in the synthesis of the
leading and lagging strands during DNA replication
(Kunkel 1992; Bambara et al. 1997). Second, since the
transcriptional elongation complex is asymmetrical
(Kainz and Roberts 1992), mutation rates may differ
between transcribed and nontranscribed strands, on ac-
count of either unequal exposure to DNA damage or
differential repair. Not only may the transiently single-
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Figure 5 Thermodynamic stability and relative mutability of
dsDNA triplets. mav(q)  bias-corrected average relative substitution
rate at the central nucleotide of a triplet q; DH(q)  change in tran-
sition enthalpy (blackened squares) associated with the disruption of
q; and DG(q)  change in transition-free energy at 37C (unblackened
squares).
Table 7
Possible Role for Slippage-Mediated Misincorporation
POSITIONa
SUBSTITUTIONSb
5′ Flanking 3′ Flanking
N F E(F) x2 N F E(F) x2
1 1,708 565 568.0 .01 1,645 490 390.0 33.61c
2 1,914 642 558.0 17.85c 2,025 592 659.3 10.19c
3 492 167 170.4 .10 485 184 164.2 3.61
Overall 4,114 1,374 1,296.4 6.78d 4,155 1,266 1,213.5 3.21
a Of mutation in codon.
b N number of substitutions, other than CGr(TG,CA), for which themutated nucleotide
differs from the flanking nucleotide; F number of substitutions toward flanking nucleotide;
and E(F)  expectation of F, under a model of random mutation (for details, see text).
c Value is significant ( , or ).3P ! .05/6 8.33# 10
d Value is significant ( , or .025).P ! .05/2
stranded nontranscribed DNA strand be particularly
vulnerable to mutation (e.g., by methylation-mediated
deamination; Beletskii and Bhagwat 1996), but tran-
scription-coupled repair (Hanawalt 1994; Drapkin et al.
1994; Bhatia et al. 1996), a process that corrects lesions
specifically on the transcribed DNA strand, also could
account for mutation-rate differences between tran-
scribed and nontranscribed strands. Both these mecha-
nisms would predict a higher mutation rate for the non-
transcribed as opposed to the transcribed DNA strand.
This hypothesis is, however, impossible to test on the
basis of mutation data logged in HGMD.
Searches for sequence motifs potentially associated
with mutational hot spots were largely unsuccessful.
This includes polypyrimidine runs (x5 bp) and the “de-
letion hot spot consensus sequence” (TGRRKR), two
motifs previously found to be strongly associated with
the occurrence of microdeletions (X20 bp) in human
genes (Cooper and Krawczak 1993). This notwithstand-
ing, two codons (GAA and ACT) were found to be ov-
errepresented in the vicinity of both missense and non-
sense mutations other than CGr(TG,CA) whereas GGG
was underrepresented. The biological meaning of these
associations, however, which point toward a mutational
effect rather than toward observational bias, remains
unknown.
No preponderance of direct or inverted repeats was
noted in the vicinity of mutations at non-CpG dinu-
cleotides. There is thus no evidence that misalignment,
mediated by repetitive sequences surrounding a substi-
tution site, contributes substantially to the observed
mutational spectrum in human genes. However, a subtle
neighboring-nucleotide effect reminiscent of misalign-
ment-mutagenesis models nevertheless was noted; a sub-
stantial proportion of observed single-base-pair substi-
tutions exhibited identity between the newly introduced
base and one of the bases immediately flanking the site
of mutation. Since this effect occurred only at a distance
of 1 bp and in the absence of surrounding repeat se-
quences, it is potentially explicable in terms of misa-
lignment mutagenesis involving highly localized DNA
slippage, misincorporation, and realignment events, at
the replication fork, between template and primer (Kun-
kel 1990, 1992).
Intriguingly, the mutational bias toward next neigh-
bors occurred only at specific codon positions and ex-
hibited directionality. Since such a phenomenon is un-
likely to be explicable in terms of the primarymutational
event, it is probably associated with the DNA-repair
process. Implicit in this assumption, however, is that the
DNA-repair machinery is able to recognize the reading
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frame and to utilize this information as a cue in effecting
the repair of DNA. Consistent with such a relationship,
the observed correction bias would operate in such a
way as to remove newly introduced termination codons.
The ability of the DNA-repair mechanism to take the
reading frame into account, thereby minimizing the ef-
fects of mutation, would have had positive selective
value because of the relatively deleterious nature of in-
frame termination codons. Evidence for reading-frame
sensitivity in the DNA-repair process has come from our
previous observation that relative single-base-pair sub-
stitution rates are biased toward the avoidance of those
replacements that (i) change the chemical characteristics
of the encoded amino acid residue substantially and (ii)
have a high likelihood of coming to clinical attention
(Krawczak and Cooper 1996). We concluded from this
finding that, by consideration of the genetic code, selec-
tion had optimized the DNA repair mechanism in such
a way as to avoid the most hazardous of amino acid
replacements, a category that certainly would include
nonsense mutations.
The thermodynamic stability of DNA triplets was
found to be positively correlated with the average rel-
ative rate at which the central nucleotide of a triplet
undergoes substitution, a finding that implies that higher
rather than lower DNA duplex stability renders a gene
region more prone to single-base-pair substitution. Con-
sistently, the absence of flanking repeat elements noted
for the mutations analyzed in the present study suggests
that extensive strand slippage (which would require the
DNA to be single stranded) is unlikely to play an im-
portant role in the generation of single-base-pair sub-
stitutions.
A high degree of thermodynamic stability could, in
principle, impair DNA replication, in various ways.
First, the likelihood that DNA helicases would be in-
capable of unwinding the two DNA strands correctly or
efficiently may be expected to be higher in regions that
are more stable (Chen et al. 1992). Second, temporary
reannealing of the two native DNA strands during rep-
lication might be favored and could be more enduring
in such regions. In both cases, DNA polymerase activity
would be seriously impeded by localized double-
stranded DNA structures, which could result in either
the cessation of polymerization or the skipping of one
or more nucleotides, leaving a gap in the nascent DNA
strand. Miscorrection during the postreplicative repair
of such nicks would then introduce a single-base-pair
substitution. Alternatively, the observed correlation
could reflect the increased stability of at least some slip-
page-mediated misalignments during replication of the
native and nascent DNA strands, allowing enough time
for misincorporation of a noncomplementary nucleo-
tide. In this case, however, the thermodynamic stabilities
of the misaligned structures must be comparable to those
of the wild-type triplets, an assumption for which there
is currently no evidence. Finally, since mutagenesis de-
pends not only on polymerase misincorporation but also
on 3′ exonucleolytic proofreading, the correlation ob-
served between triplet stability and mutagenicity can be
interpreted also as an effect of surrounding–base-pair
stability inhibiting proofreading (Petruska and Good-
man 1985).
The clinical observation likelihood of an amino acid
substitution is positively correlated with the chemical
difference between the respective wild-type and mutant
amino acid residue, the highest chance of coming to
clinical attention being observed for nonsensemutations.
A parameter closely related to chemical difference has
been employed recently, by Rodin et al. (1998), to mea-
sure the selective effects of amino acid replacements in
the somatic, germ-line, and evolutionary spectra of p53
mutations. On the basis of the implicit assumption that
their parameter was positively correlated with clinical
severity, Rodin et al. concluded that, owing to the struc-
ture of the genetic code, the likelihood of clinical ob-
servation should be much higher for CGrTG transitions
than for CGrCA transitions. Indeed, the ratio of the
two transition types turned out to be a good indicator
of the selective pressure against loss-of-function muta-
tions in critical regions of the p53 protein. Thus, the
findings of Rodin et al. (1998) not only justify the use
of chemical difference in the present context but also
emphasize that clinically observed spectra of single-base-
pair substitutions are likely to be biased by substitution-
dependent clinical observation likelihoods.
In summary, our analysis of the largest available col-
lection of germ-line single-base-pair substitutions in hu-
man genes has, for the first time, allowed us to disen-
tangle the relative effects that selection and mutation
have on the mutational spectrum observed in human
inherited diseases. It has been shown that the relative
rates at which such lesions occur at the DNA level is
significantly influenced by the surrounding sequence
context. However, with regard to the existence of se-
quence motifs that might serve to promote mutagenesis,
only subtle and very localized effects were noted over
and above the well-established hypermutability of CpG
dinucleotides. It will be most interesting to determine
whether these effects, manifesting here in the form of
nearest-neighbor–dependent substitution rates and co-
don usage around mutational sites, also occur in non-
coding DNA and in DNA from other species or can be
reproduced in vitro. Similarly, our hypothesis of both a
reading-frame–sensitive DNA-repair bias and a relation-
ship between DNA duplex stability and mutability will
require further independent verification by, for example,
comparative evolutionary or in vitro studies. It is nev-
ertheless hoped that our tentative conclusions may serve
to guide the design of future experiments aiming to iden-
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tify more specifically the mutational hot spots in indi-
vidual genes, gene regions, or artificial DNA constructs.
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Appendix A
Estimation of Relative Single-Base-Pair Substitution
Rates and Relative Clinical Observation Likelihoods
Under the biologically meaningful assumption that the
occurrence of a mutation at the DNA level and its ex-
pression at the protein level are statistically independent
processes, the likelihood that an individual mutation q
of primary type x[q] and phenotypic consequence a[q]
will enter into a clinical sample equals , wherem(x) 7 L(a)
m(x) is the likelihood of occurrence of x at the DNA
level—for example, the single-base-pair substitution
rate—and L(a) is the clinical observation likelihood of
a. In successive iterations, relative m(x) values are esti-
mated via O(x)/E(x), where O(x) is the observed fre-
quency of mutation type x, and E(x) is the expected
frequency of xwhen it is assumed that all mutation types
are equally likely to occur at the DNA level; that is,
E(x) ∝ L(a[q])dP(q) . (A1)
{qQ:xx[q]}
In formula (A1), P can be any meaningful prior distri-
bution on the mutation space Q, allowing for the re-
dundancy of the genetic code and for either codon usage
or the composition of the particular DNA sequence(s)
in question (see below). Similarly, relative clinical ob-
servation likelihoods are estimated in each iteration step
by O(a)/E(a), where E(a) is the expected frequency of
a when it is assumed that all phenotypic consequences
are equally likely to come to clinical attention; that is,
E(a) ∝ m(x[q])dP(q) .
{qQ:aa[q]}
This iterative algorithm represents two interwoven EM
algorithms (Dempster et al. 1977) and thus converges
to a (local) maximum of the overall sample likelihood.
The fact that m and L are only estimated on relative
scales is irrelevant, since multiplication by any common
positive constant does not change the relative location
of minima and maxima on a likelihood surface. The
global nature of convergence was confirmed, for each
estimation process, through 1,000 independent repli-
cations using different, randomly chosen start values
and .0 ! m L X 1
Prior Probabilities on Mutation Space
Without loss of generality, we may assume that an
element of the mutation space Q consists of a sequence
of codons plus one of nine possible replace-nm 1
ments of the affected codon (denoted by subscript 0).
Thus,
′Q  {q ...q q q ...q ∧ q r q } .n 1 0 1 m 0 0
For the present analysis, the prior distribution on Q is
defined via
P(q) ∝ 1/9 7 P g(q q )/in...m1 i i1
P f(q ) , (A2)jn1...m1 j
if q0rq0
′ results in a missense or nonsense mutation, and
via if not. In formula (A2), function f denotesP(q)  0
published codon usage in human genes (Nakamura et
al. 1996), whereas g has been estimated on the basis of
the 448 reference cDNA sequences provided by HGMD,
which comprise a total of 309,444 codons.
It should be emphasized that, for all definitions of
mutation type x[q] and phenotypic consequence a[q]
that have been used, the model given above was never
overparameterized; that is both
{q  Q:x  x[q]}∩ {q  Q:a( a[q]}
and
{q  Q:x( x[q]}∩ {q  Q:a  a[q]}
always had strictly positive prior probabilities ( )P 1 0
for every pair (x,a).
Expected Proportion of Substitutions toward Flanking
Nucleotides
Let Q(i) be the Q subspace including single-base-pair
substitutions other than CGr(TG,CA) that affect the ith
codon position ( ) and for which the wild-typei  1,...,3
nucleotide differs from the flanking base. The null hy-
pothesis to be tested on Q(i) is that substitution toward
a flanking nucleotide occurs with probability . The cor-13
responding probability distribution, Pi, is the projection,
onto Q(i), of the distribution defined in formula (A2),
with n, , and for and with form X 1 m  0 i ! 3 n  0
. If we define for mutations toward thei 1 1 x[q]  1
flanking nucleotide, and if otherwise, then thex[q]  0
Krawczak et al.: Nucleotide Substitution Rates 487
expected number of mutations with is propor-x  1
tional to
L(a[q])dP(q) . i
{qQ(i):x[q]1}
Electronic-Database Information
Accession numbers and URLs for data in this article are as
follows:
HGMD, http://www.uwcm.ac.uk/uwcm/mg/hgmd0.html
(http://www.uwcm.ac.uk/uwcm/mg/msajhg1.txt [for es-
timates of relative single-base-pair substitution rates])
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